H ow cell-cell signaling coordinates cell movement, gene expression, and differentiation during the development of multicellular organisms is a fundamental question. At the molecular level, the answer is complex, even in the simplest cases. Myxococcus xanthus is one of the simplest organisms that undergo development to produce a multicellular structure of uniform size and shape. Cells of this bacterium sense nutrient limitation and alter their gliding movements to produce mounds ( Fig. 1 Originally recognized in a subset of eukaryotic forkheadtype transcription factors, the FHA domain has been found in eukaryotic proteins with diverse functions, including signal transduction, protein transport, and DNA repair. Likewise, FHA domains are found in a variety of prokaryotic proteins, implicating them in many bacterial processes (9) . However, until now, only two putative FHA domain-containing EBPs (FHA-EBPs) have been described in bacteria (10) . The finding of 12 such proteins in M. xanthus (1) suggests abundant connections between EBP-dependent transcription by 54 -RNAP and phosphorylation of Thr residues in proteins.
There is ample opportunity for phosphothreonine formation in proteins of M. xanthus. The first eukaryotic-like STPK found in bacteria was discovered in M. xanthus (11) , and subsequent work revealed a large family of STPKs, many required for normal development (12) . Half of the 12 FHA-EBP genes are next to or near STPK genes in the M. xanthus genome (1). This proximity suggests that the FHA domain of these EBPs might interact with the STPK encoded nearby. According to this model (Fig. 2) , Thr autophosphorylation of the STPK in response to a signal would promote interaction with the FHA-EBP. Transfer of phosphate from the STPK to the FHA-EBP would allow it to activate transcription by 54 -RNAP. A precedent for parts of this model has been described recently (13) . PknH, an STPK, and EmbR, an FHA domaincontaining transcription factor, are encoded by adjacent genes in Mycobacterium tuberculosis. PknH can autophosphorylate on Ser and Thr residues in vitro, then interact with the FHA domain of EmbR and transfer phosphate to one or more of its Thr residues. Presumably, phosphorylation of EmbR enables it to activate transcription. Although EmbR lacks the conserved central ATPase domain of EBPs, the N-terminal two-thirds of EmbR is similar to AfsR, a transcriptional activator of S. coelicolor. AfsR does not have a recognizable FHA domain, but it is phosphorylated by an STPK, and this phosphorylation enhances its ability to bind to the Ϫ35 region of its target promoter, where its ATPase activity is proposed to isomerize the RNAP closed promoter . Although this mechanism is still speculative, and AfsR differs from EBPs in that it binds closer to the start site of transcription and its ATPase domain does not share all of the same sequence features, the theme of signal transduction by means of STPK phosphorylation of a transcriptional activator whose function depends on ATP hydrolysis is preserved in S. coelicolor, despite its lack of EBPs and 54 (7) . As in eukaryotes, the signaling and regulatory proteins in prokaryotes are modular and seem to contain nearly every conceivable combination of domains. The finding of two FHA-EBPs in Pirellula (10) and now 12 in the phylogenetically distant M. xanthus (1) raises interesting questions about the evolutionary history of this domain combination. Further analysis is needed to assess whether lateral transfer likely played a role in creating the combination, and genomic sequencing of more bacterial species will reveal its prevalence and perhaps its evolution. It will be interesting to compare the FHA domains of the 12 M. xanthus EBPs with that of EspA, a putative protein kinase that delays M. xanthus sporulation until mounds have formed (15) . In addition to its N-terminal FHA domain, EspA has a histidine protein kinase (HPK) domain followed by a receiver domain at its C terminus. Because a receiver domain is more often found in response regulator proteins of two-component signal transduction systems (16) , EspA is considered a hybrid kinase. Given EspA's FHA domain, its lack of a predicted transmembrane domain, and the fact that it is encoded next to a putative STPK gene (15) , it is possible that EspA is phosphorylated by the STPK, activating its HPK. Hence, EspA might directly link STPK and HPK signaling. It seems likely that mining the M. xanthus genome sequence for FHA domains will reveal more proteins with interesting domain combinations.
Of the 12 M. xanthus genes predicted to encode FHA-EBPs, 9 had been mutated previously and 2 of the mutations caused a developmental defect (3, 4) . Jelsbak et al. (1) disrupted the remaining 3 genes, and one of the mutants had a developmental defect. Disruption of the Mx4885 gene caused a delay in mound formation, and the mounds never became as compact and uniform in shape as those produced by wild type.
Sporulation was reduced 500-fold compared with wild type. An in-frame deletion of the part of the gene predicted to encode the FHA domain produced the same phenotype. Analysis of the mutant suggests a partial defect in the response to C-signal.
The C-signal is a 17-kDa protein believed to be processed from a 25-kDa precursor at the cell surface (reviewed in ref. 17) . Transmission of the C-signal requires that cells move into alignment and make contact. The level of C-signal increases during development, and a higher level is needed for sporulation than for mound formation. Low level C-signaling produces rippling behavior, a pattern of cell movement in which cells accumulate in transient ridges between nascent fruiting bodies. Expression of most genes induced after 6 h into development depends partly or completely on C-signaling. FruA, a putative two-component response regulator, mediates responses to C-signal, presumably after being phosphorylated by an unidentified HPK (18) (19) (20) .
The developmental defects of the Mx4485 mutant are not as severe as those of a fruA mutant. A fruA mutant, like a mutant unable to produce C-signal, fails to ripple, make compact mounds, or form spores (18, 20) . The Mx4485 mutant was able to ripple (1), indicating some ability to respond to C-signal. Also, expression of two late developmental reporter fusions, created by Tn5 lac insertions ⍀4414 and ⍀4403, was much less severely impaired in the Mx4485 mutant (1) than in a fruA mutant (18, 19) . Jelsbak et al. (1) show that the Mx4485 mutant makes normal levels of C-signal and FruA, so they propose that Mx4485 affects the phosphorylation step believed to activate FruA.
How could this work? In the context of the model shown in Fig. 2 , an STPK might phosphorylate Mx4485 in response to an early developmental signal. The phosphorylated FHA-EBP would activate transcription by 54 -RNAP of one or more genes whose products facilitate phosphorylation of FruA. For example, increased transcription of a gene coding for the unidentified HPK thought to phosphorylate FruA would be a simple way to link an early STPK͞ Mx4485 signaling pathway to a later HPK͞FruA pathway that responds to C-signal. Of course, the connection might be less direct.
It will be interesting to see just how eukaryotic-like the signaling and gene regulatory network is during the ''simple'' developmental process of M. xanthus.
